To investigate the mechanism underlying the regulatory effect of Met on broiler growth, the growth performance, organ development, serum profile, myogenic gene expression, and methylation of myostatin gene exon 1 region in response to dietary Met status were evaluated. A total of 192 one-day-old Arbor Acres broiler chicks were housed in 3-layer cages in a temperature-controlled room with continuous lighting. The temperature of the room was maintained at 32 to 34°C for the first 3 d and then reduced by 2 to 3°C per week to a final temperature of 20°C. Cages were randomly allocated to 2 dietary treatments with 6 replicate cages (8 males and 8 females/cage) per treatment. Control starter and finisher diets contained 0.50 and 0.43% Met, respectively. Corresponding values for a +Met treatment were 0.60 and 0.53% Met, respectively. The birds receiving the +Met diets had a greater (P < 0.05) G:F throughout the experiment. The +Met diets increased (P < 0.05) the relative weight of breast muscle and the concentrations of uric acid and triglyceride in serum at 42 d of age, whereas other serum measurements were not affected by treatments. Increased myogenic factor 5 (Myf5) and myocyte enhancer factor 2B (MEF2B) and decreased myostatin mRNA expression were observed in broilers fed the +Met diets (P < 0.05). However, methylation of myostatin gene exon 1 region was not different between groups. In conclusion, broilers fed the +Met diets increased breast muscle growth that was reflected in the expected expression of myostatin, Myf5, and MEF2B genes.
INTRODUCTION
Methionine is the first limiting AA in poultry fed corn-soybean meal diets. Apart from being an essential component in protein metabolism, Met provides methyl groups, which are necessary for the synthesis of choline and betaine (Corzo et al., 2006) . Methionine also influences lipid metabolism by stimulating the oxidative catabolism of fatty acids via its role in carnitine synthesis (Nukreaw et al., 2011) . The regulatory effects of Met on growth performance and breast meat yield have been demonstrated in broilers (Hickling et al., 1990; Ahmed and Abbas, 2011; Bouyeh and Gevorgyan, 2011) . However, the molecular mechanisms through which Met controls breast muscle growth are not clear.
The family of myogenic regulatory factors including myogenic differentiation factor 1 (myoD1), myogenic factor 5 (myf5), myogenin, and muscle regulatory factor 4 (MRF4), as well as the myocyte enhancer factor 2 (MEF2) family of transcription factors (MEF2A, B, C, and D), are known to be key regulators of skeletal muscle development (Hennebry et al., 2009; TownleyTilson et al., 2010) . Their expressions have been reported to be affected by nutrition in humans (Drummond et al., 2009 ) and animals (Alami-Durante et al., 2011) . However, until now, little is known about the effects of Met on the expressions of these genes (Tesseraud et al., 2011) . Myostatin is a potent negative regulator of skeletal muscle growth during the development and in the adult, and myostatin inhibition causes increased muscle mass (Wang and McPherron, 2012) . Liu et al. (2010) reported that increasing dietary Met concentration from 0.21 to 0.61% during 4 to 8 wk promoted the methylation of myostatin exon 1 region from 46 to 84% in skeletal muscle of 55-d broilers, which was negatively correlated with its gene expression, but the response of breast mus-cle yield was not reported in their research. Therefore, the objective of this study was to evaluate the growth performance, breast muscle growth, serum profile, the expression of these muscle growth-related genes, and myostatin gene methylation in response to dietary Met status.
MATERIALS AND METHODS
All procedures were approved by Nanjing Agricultural University Institutional Animal Care and Use Committee.
Bird Husbandry, Diets, and Experimental Design
A total of 192 one-day-old Arbor Acres broiler chicks were obtained from a commercial hatchery and randomly allocated to 2 dietary treatments with 6 replicates of 16 chicks (8 males and 8 females/cage). Control starter (1 to 21 d) and finisher (22 to 42 d) diets were formulated to contain 0.50 and 0.43% Met, respectively (Table 1) . A +Met treatment (0.60 and 0.53% Met during starter and finisher phase, respectively) was formulated by increasing the level of DL-Met (99%; Adisseo Inc., Antony, France) in the diets. Chicks were allowed free access to mash feed and water in 3-layer cages in a temperature-controlled room with continuous lighting. The temperature of the room was maintained at 32 to 34°C for the first 3 d and then reduced by 2 to 3°C per week to a final temperature of 20°C. At 21 and 42 d of age, birds were weighed after feed deprivation for 12 h and feed intake was recorded by replicate to calculate BW gain (BWG) and G:F. Mortality was also recorded. Birds that died during the experiment were weighed, and the data were included in the calculation of G:F.
Sample Collection
At 42 d of age, 1 male bird from each replicate was randomly selected and weighed after feed deprivation for 12 h. Blood samples (about 5 mL each) were taken from wing vein and centrifuged at 3000 × g for 15 min at 4°C to separate serum, which was frozen at -20°C for further analysis. After blood collection, birds were killed by cervical dislocation. Heart, liver, breast muscle, proventriculus, gizzard, pancreas, and small intestine were separated and weighed to calculate the relative organ weight. Lastly samples were collected from the pectoralis major muscles and stored in liquid nitrogen until analysis.
Serum Profile
The concentrations of total protein, albumin, uric acid, and triglyceride in serum were measured with commercial kits (Randox, Crumlin, UK) using Olympus 2700 analyzer (Olympus, Tokyo, Japan). The concentration of IGF-I was measured by a commercial chicken-specific ELISA kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China).
Messenger RNA Quantification
Total RNA was isolated from muscle samples as previously described (Wen et al., 2012) , using RNAiso Reagent (TaKaRa, Dalian, Liaoning, China). The purity and concentration of the isolates were measured using ND-1000 spectrophotometer (NanoDrop, Wilmington, DE). Then RNA samples were diluted in diethyl pyrocarbonate treated water to an appropriate concentration for PCR assays.
Reverse transcription of total RNA was completed using PrimeScript RT Reagent Kit (TaKaRa). The geo- metric means of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and β-actin were used to normalize the genes of interest as recommended (Vandesompeleet al., 2002) . The sequences of primers for the genes tested were specifically designed according to the sequences located in GenBank (Table 2 ). Quantification of mRNA was performed on ABI 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA) using SYBR Premix Ex Taq II Kit (TaKaRa). Optimized cycling conditions of all genes were 95°C for 30 s followed by 40 cycles of 95°C for 5 s, 60°C for 31 s, and final dissociation stage of 95°C for 15 s, 60°C for 1 min, 95°C for 15 s, and 60°C for 15 s. All measurements were completed in triplicate, and the average values were obtained. Relative mRNA levels (arbitrary units) were calculated on the basis of PCR efficiency and threshold cycle values as previously described (Pfaffl, 2001) . The mRNA level of each target gene for the control birds was assigned a value of 1.
DNA Methylation Assay
Total DNA was extracted from muscle samples using Genomic DNA Extraction Kit (Sangon, Shanghai, China) and modified using Methylcode Bisulfite Conversion Kit (Invitrogen, Carlsbad, CA). To investigate the epigenetic mechanism of action of Met, myostatin gene was selected to evaluate the effect of increasing dietary Met on DNA methylation according to Liu et al. (2010) . Bisulfite sequencing primers to amplify the exon 1 region of myostatin gene were synthesized as previously published by Liu et al. (2010) . Hotstart PCR (Agilent, Foster City, CA) was performed using the following cycling program: 95°C for 2 min, followed by 30 cycles of 95°C for 30 s, 56°C for 30 s, 72°C for 1 min, and a final step at 72°C for 7 min. Amplified PCR products were purified using QIAquick PCR Purification Kit (Qiagen, Hilden, Germany) and subcloned using the TOPO TA Cloning Kit (Invitrogen). Then the products were sequenced for comparison with the University of California Santa Cruz (Santa Cruz, CA) genome reference sequence to assess the methylation status of myostatin gene exon 1 region as described by Kim et al. (2012) .
Statistical Analysis
All data were analyzed by one-way ANOVA using SPSS statistical software (ver.16.0 for Windows, SPSS Inc., Chicago, IL). The differences were considered to be significant at P < 0.05. Data are presented as means and SEM.
RESULTS

Growth Performance
Mortality was 3% and not related to treatment (data not shown). Broilers fed the +Met diets had a greater (P < 0.05) G:F than the control birds throughout the experiment, but no difference in BWG was observed (Table 3) . Differences in feed intake were not observed between the groups. 
Relative Organ Weight and Serum Profile
The relative weight of breast muscle at 42 d of age was increased (P < 0.05) by +Met diets, but the relative weights of other organs tested were not affected by diets (Table 4) . Broilers fed the +Met diets had greater (P < 0.05) concentrations of serum uric acid and triglyceride. Dietary treatments did not affect the concentrations of serum total protein, albumin, or IGF-I.
Messenger RNA Expression and Methylation of Myostatin Gene Exon 1 Region
Broilers fed the +Met diets had decreased (P < 0.05) mRNA levels of myostatin and increased (P < 0.05) levels of Myf5 and MEF2B in breast muscle (Table 5) . However, the mRNA expression of other genes tested or methylation of myostatin gene exon 1 region did not differ between groups.
DISCUSSION
This study demonstrated that the control Met levels was inadequate for optimal growth rate and feed efficiency of broilers, especially during the finisher phase. The +Met diets increased G:F throughout the experiment, which is similar to the results of Hickling et al. (1990) , who found that increasing the Met level (0.43 vs. 0.38% Met) increased broiler weight gain and G:F during 3 to 6 wk. The +Met diets only increased the relative weight of breast muscle among the organs tested, indicating that Met promotes broiler growth by regulating the development of breast muscle. This finding is consistent with the data of Zhai et al. (2012) , who reported that breast meat yield was greater in 42-d broilers fed diets with 0.51% Met than that of broilers fed diets with 0.41% Met from 22 to 42 d of age. This may be due to increased muscle protein deposition induced by Met (Nagao et al., 2011; Zhai et al., 2012) .
Several serum measurements, such as total protein, albumin, uric acid, triglyceride, and IGF-I, are indicative of nutritional status in general (Krautwald-Junghanns, 2004) . For example, serum uric acid concentration can be used as an indicator of AA utilization in broilers (Donsbough et al., 2010) . In this study, the birds fed the +Met diets had a greater uric acid concentration in serum, implying that the finisher TSAA level (0.86%) in the +Met diets may be above the requirement of broilers, thus increasing catabolism of nitrogen to uric acid. This is demonstrated by Amubode and Fetuga (1984) , who showed that plasma uric acid concentration started to increase when dietary TSAA exceeded 0.72% for 42-d broilers. No difference in serum IGF-I concentration was observed and it supported the findings of Nagao et al. (2011) , who reported that the regulatory effect of dietary Met was independent of the change in plasma IGF-I concentration. However, the authors had no explanation for the increase in serum triglyceride concentration, which is in agreement with the results of Nukreaw et al. (2011) . The relationships between changes of serum uric acid and triglyceride concentrations and breast muscle accumulation in broilers fed the +Met diets need further elucidation. 1 MyoD1 = myogenic differentiation factor 1, MRF4 = muscle regulatory factor 4, Myf5 = myogenic factor 5, and MEF2 = myocyte enhancer factor 2 2 Results are the mean of 6 replicates (n = 6) with 16 chickens/replicate.
3 0.50 and 0.43% Met during starter and finisher phase, respectively.
4 0.60 and 0.53% Met during starter and finisher phase, respectively.
5 Expressed in arbitrary units. The mRNA level of each target gene for the control birds was assigned a value of 1 and normalized against β-actin and glyceraldehyde 3-phosphate dehydrogenase.
6 Methylation of myostatin gene exon 1 region. In this study, the +Met diets decreased myostatin mRNA expression in breast muscle of broilers, which agrees with the data of Liu et al. (2010) that Met supplementation (0.61 vs. 0.21% during 4 to 8 wk) downregulated myostatin mRNA expression in skeletal muscle of 55-d broilers. Increased breast muscle yield in response to increasing Met levels may be reflected by lower myostatin mRNA expression. Our data also showed that mRNA expressions of both Myf5 and MEF2B were greater in birds fed the +Met diets, indicating a unique role of these 2 genes distinct from other family members during myogenesis, as previously reported (Morisaki et al., 1997; Day et al., 2009) . Either MyoD1 or Myf5 is sufficient for the formation of skeletal muscle (Rudnicki et al., 1993) , and myogenin and MRF4 are apparently more directly involved in the differentiation of myotubes (Bentzinger et al., 2012) . Therefore, the present data imply that Met effects on the formation of broiler breast muscle may be reflected by an up-regulation in the mRNA expression of Myf5 but not MyoD1, whereas the differentiation of myotubes was not affected by Met. However, why only MEF2B, not other isoforms, was affected by Met remains unclear. The functions of different MEF2 isoforms, which are expressed in distinct, but overlapping, patterns during embryogenesis and in adult tissues are difficult to distinguish (McKinsey et al., 2002) .
As the most widely studied mechanism of epigenetic gene regulation, DNA methylation can be affected by nutritional status, leading to changes in gene expression (Anderson et al., 2012) . The methyl groups transferred in DNA methylation reactions are ultimately derived from Met, therefore, high dietary Met intake might be expected to increase DNA methylation (Waterland, 2006) . Liu et al. (2010) reported that high Met diets (0.61 vs. 0.21% during 4 to 8 wk) increased methylation of myostatin exon 1 region (84 vs. 46%) in skeletal muscle of 55-d broilers. However, in this study, methylation of myostatin gene exon 1 region was not affected by treatments, which is contrary to the results of Liu et al. (2010) . The discrepancy may be due to the difference in dietary Met concentrations between groups in this study and also Liu et al. (2010) .
In conclusion, this study indicates that the +Met diets improved broiler breast muscle yield. The improvements were reflected by increased mRNA expression of Myf5 and MEF2B but decreased expression of myostatin. These findings contribute to the growing recognition of the important role of Met in skeletal muscle development.
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